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Abstract

The effect of NaCl with or without silicon on the growth and metabolism in rice seedlings cv.
MTU1010 was studied. In these seedlings, the oxidative stress has been observed with NaCl treat-
ments and the levels of proline, H;0, and malondialdehyde contents were increased whereas cat-
alase activity was decreased. NaCl exposure at 25 mM, 50 mM and 100 mM concentrations in the
test seedlings resulted in an increase in both reducing and non-reducing sugar content. There was
a decrease in starch contents and the activity of starch phosphorylase was increased. NaCl stress
also affected the activities of different carbohydrate metabolizing enzymes. The activities of su-
crose synthase and sucrose phosphate synthase were increased, while the activity of acid inver-
tase was decreased. Joint application of silicon with NaCl showed significant alterations on all pa-
rameters tested under the purview of NaCl treatment alone leading to better growth and metabol-
ism in rice seedlings. Thus the use of silicon enriched fertilizers may help to grow healthy rice
plants in NaCl rich soil.
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1. Introduction

Soil salinity is a major problem for agriculture throughout the world. Soil salinization is the enrichment of salts,
mainly sodium chloride or sodium sulphate, at or near the soil surface. It is one of the most widespread stress
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hazards and occurs in arid and semi-arid lands, but in eastern India this also exists in subhumid to humid and
coastal lands. About seven million hectares in the country (0.840 hectares in West Bengal) have either gone out
of cultivation or this area produces low yields of crops.

Salt stress reduces the free energy of soil water available to plants and results in negative water potential in
soils. This drop in water potential is accompanied by specific ion toxicities and deficiencies, retardation of water
uptake and nutritional imbalance in plants [1]. Improvement in salt tolerance of crop plants remains elusive, due
to the fact that salinity affects almost every aspect of the physiology and biochemistry of plants [2] either in
whole plant or in cellular levels [3]. Soil salinity affects plants through osmotic effects, ion-specific effects, and
oxidative stress [4]. The effect of salinity stress in plants is mediated at least in part by an enhanced generation
of active oxygen species, especially in chloroplasts and mitochondria which cause lipid peroxidation and mem-
brane injury, protein degradation and enzyme inactivation. Plants have developed a complex antioxidant system
which mitigates and repairs the damage initiated by reactive oxygen species, toward enzyme synthesis to protect
the cellular and subcellular systems from the cytotoxic effects of these active oxy-free radicals.

Silicon, the second most abundant element on earth, second only to oxygen [5], is ever-present in plants [6],
in quantities equal or more than many macro nutrients [7]. Si is found as silicic acid (H,SiO,) in the soil solution
[7], and when absorbed, it is transported to shoots and polymerises into solid amorphous silica (SiO,-nH,0),
called opal, found mainly in cell walls [6]. Si has a well documented ability to ameliorate stresses associated
with salinity in plants, specifically, stresses associated with high levels of NaCl. This is found in a wide range of
plant species, including tomato [8], cucumber [9], grapevine [10] and sugarcane [11]. Si was reported to reduce
the hazardous effects of various abiotic and biotic stresses including salt stress, metal toxicity, drought stress,
radiation damage, various pests and diseases caused by both fungi and bacteria, nutrients imbalance, high tem-
perature and freezing [12].

Carbohydrates produced by photosynthetic tissues during the different growth stages is either transported to
other organs as soluble sugars, or accumulated in leaves as soluble sugars and starch. The ability of plants to re-
cover from most abiotic stresses normally increases with increasing concentrations of photosynthetic assimilates
in plant tissues during or after stress [13] [14]. Sugar accumulation under stress contributes to osmoregulation
and provides protection of biomolecules. Accumulation of soluble carbohydrates and starch under normal condi-
tions before the stress commonly constitutes the main resources for plants to supply energy during stress condi-
tion, as well as during recovery [15]. Higher concentrations of carbohydrates in plant tissue are one of the major
adaptive mechanisms as observed under submergence [16] [17]. Starch accumulates in the leaves as a temporary
reserve form of carbon and then is stored in the cereal grains. Sucrose is the major form of translocated carbon
[18]. Among the other significant salt stress consequences are changes in the contents of non-reducing and re-
ducing sugars as well as in sucrose synthase (SS; EC 2.4.1.13), sucrose phosphate synthase (SPS; EC 2.4.1.14),
acid invertase (EC 3.2.1.26) activities and starch phosphorylase (EC 2.4.1.1) [19] [20]. Starch phosphorylase
degrades starch by incorporating phosphate at the nonreducing end [21].

Rice is one of the most important food crops, serving as the staple food for over one-third of the world’s pop-
ulation [22]. It is one of the most widely grown crops in coastal areas frequently inundated with sea water during
high tidal period [23]. Salinity is one of the important physical factors that influence rice production. At present,
salinity is the second most widespread soil problem in rice growing countries after drought and is considered as
a serious constraint to increased rice production worldwide [24]. The seedling stage is one of the most sensitive
stages to salt stress in rice, and studies on salt tolerance during this stage could probably provide insights for
enhancing tolerance throughout the plant life cycle [25]. The present investigation was undertaken to examine
the influence of NaCl on the metabolic status of starch, sugars and different sugar metabolizing enzymes in
germinating rice seedlings. A combined application of sodium chloride with silicon was tried to combat the se-
rious problem of NaCl toxicity and to provide a possible method of salt tolerance, with an aim to improve
growth and metabolism of rice plants under saline soil conditions.

2. Plant Materials and NaCl Treatments

Rice (Oryza sativa L.) seeds cv. MTU 1010 obtained from the State Rice Research Station, Chinsurah, Hooghly,
West Bengal were surface sterilized with sodium hypochlorite (5%, v/v) and washed thoroughly. About 50 seeds
for each treatment were spread over in petridishes (¢ 10 cm) lined with filter papers. The seeds were kept in dark
and humid conditions for 48 hours in a germinator at 30°C £ 2°C. Now the germinating seeds were exposed to
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25, 50, 100 mM concentration of sodium chloride (NaCl: Merck, India) solutions (w/v) wih or without 2 mM
Sodium meta Silicate (Na,O3Si, 9H,0: Loba-chemie, India) solution (w/v) and exposed to 16 hours photoperiod
(260 pmol-m s * PFD) for 21 days in presence of modified Hoagland solution. The seedlings were harvested
after 21 days for the following studies.

2.1. Morphological Studies

After twenty one days, NaCl induced damaging effects were observed and the relevant root lengths and shoot
lengths of growing rice seedlings were measured. The seedlings were harvested, weighed in equal amount for
each set and stored at —40°C for further biochemical studies.

2.2. Malondialdehyde Contents (Lipid Peroxidation)

Lipid peroxidation in terms of malondialdehyde (MDA) was determined to assess the membrane damage in rice
seedlings. For the measurement of lipid peroxidation, TBA test was used to measure MDA level as an end
product of lipid peroxidation [26]. 1 g tissue was homogenized in 4 ml of 1% TCA solution (w/v) and centri-
fuged at 10,000 g for 10 min. The supernatant was mixed with 1 ml of 0.5% TBA in 20% TCA (w/v). The mix-
ture was incubated in boiling water for 30 min and the reaction was stopped by placing the tubes in an ice bath.
The samples were re-centrifuged at 10,000 g for 5 min and the absorbance values of the supernatants were
measured at 532 nm. The values for non-specific absorption at 600 nm were substracted. The amount of MDA-
TBA clomplex present was calculated using an extinction coefficient (¢) of 155 mM *cm™* and expressed as
uM-g— fw.

2.3. Proline Contents

1 g tissue of rice seedlings was extracted with 5 ml of 0.1 M sulphosalicylic acid and centrifuged at 5000 g for
30 min [27]. To 2 ml of supernatant, 5 ml glacial acetic acid and 5 ml of 140 mM acid ninhydrin were added and
shaken vigorously. The mixture was heated in a boiling water bath and after cooling, the mixture was extracted
in 10 ml of toluene in a separating funnel and aqueous layer was discarded. The absorbance of the mixture was
measured at 520 nm. The proline content was calculated from standard curve and expressed as pg-g * fw.

2.4. H,0; Contents

The H,0, content from rice seedlings was measured according to [28]. 1 g tissue was extracted with 5 ml of

TCA (0.1%, w/v) at 48°C and homogenate was centrifuged at 12,000 g for 15 min. To 0.5 ml supernatant, 0.5 ml

of 0.05 M sodium phosphate buffer (pH 7.0) and 1 ml of 1M potassium iodide solution were added. The absorp-

tion of the mixture was measured at 390 nm. The H,0, content was determined using an extinction coefficient (¢)
0f 0.28 pM *-cm™* and expressed as pM-g * fw.

2.5. Assay of Catalase Activity

Catalase activity was determined as the amount of potassium permanganate (KMnQ,) consumed in terms of
H,0, [29]. Enzyme extraction procedure was carried out at 4°C. 1 g plant sample was homogenized in 5.0 ml of
pre-chilled 0.1 M sodium phosphate buffer (pH 7.0). The homogenate was centrifuged at 12,000 g for 20 min
and supernatant was used to assay the enzyme activity. The reaction mixture contained 0.5 ml of 0.1 M sodium
phosphate buffer (pH 7.0), 1 ml of 3% H,0, (v/v) and 1 ml of enzyme extract. After incubation, the reaction was
stopped by adding 3 ml of 10% H,SO, (v/v). The residual H,O, was titrated against 0.02(N) KMnO,. The en-
zyme activity was expressed in terms of mg H,0, decomposed mg™* protein min™.

2.6. Estimation of Reducing and Non-Reducing Sugar

Estimation of reducing sugar was done by the method of [30]. 1 gm of plant material was crushed with 80%
ethanol and centrifuged at 2000 rpm for 20 minutes. To 1.0 ml of alcoholic extract, DNSA reagent was added
and boiled in water bath for 5 min. The absorbance was measured at 515 nm using Hitachi-2000 spectrophoto-
meter. From a standard curve of glucose, the quantity of reducing sugar was calculated and expressed as mg-g "
fw. The amount of non-reducing sugar was measured by substracting the value of reducing sugar from the value
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of total soluble sugar.

2.7.Starch Contents

Estimation of starch was done according to [31]. The residual mass, obtained after centrifugation for the extrac-
tion of total soluble sugar was suspended in distilled water followed by the addition of perchloric acid. After
stirring, the mixture was centrifuged at 2000 rpm for 20 minutes. The supernatant was collected and poured in
conical flasks and the total volume was made up to 100 ml by adding distilled water for each set. Then 1.0 ml of
filtrate from each set was taken and starch content measured following the same procedure as the total soluble
sugar. Quantity of starch was calculated in terms of glucose and factor 0.9 was used to convert the values of
glucose to starch. The quantity of starch was expressed in mg-g * fw.

2.8. Assay of Acid Invertase Activity

Acid invertase was assayed according to [32]. Root and shoot samples were homogenized in 10mM sodium
acetate buffer (pH 4.6) containing 3.3 mM MgCl,, 1 mM EDTA, and 1 mM PMSF. The homogenates were cen-
trifuged at 10,000 rpm and 4°C for 20 minutes. The assay mixture contained 10 mM sodium acetate buffer (pH
4.6), 0.4 M sucrose, and enzyme extract to make the total volume up to 1.0 ml. After incubation at 30°C for 30
minutes, the reaction was terminated with the addition of 0.5 M Na,HPO,. The resulting reducing sugars were
estimlated according to [33] [34]. Invertase activity was expressed as pmol sucrose hydrolysed mg ™ protein
min ™.

2.9. Assay of Starch Phosphorylase Activity

For determination of starch phosphorylase activity [35], plant materials from each treatment were homogenized
in 50 mM citrate buffer (pH 6.0) containing 1 mM EDTA, 5 mM g-mercaptoethanol and 1mM PMSF and cen-
trifuged at 10,000 rpm for 20 minutes at 4°C. The assay mixture contained 50 mM citrate buffer (pH 6.0), 5%
soluble starch (w/v), 0.1 mM glucose-1-phosphate and enzyme extract to make the total volume upto 4.0 ml.
The reaction was stopped after 10 minutes by adding 5% TCA. The mixture was centrifuged and phosphorus
content in the supernatant was estimated according to [36]. The enzyme activity was calculated as pmol of Pi
liberated mg* protein min ™.

2.10. Assay of Sucrose Synthase and Sucrose Phosphate Synthase Activity

For the assay of sucrose phosphate synthase (SPS) and sucrose synthase (SS), the respective tissues were ex-
tracted following the method of [37] and assayed according to [38]. Plant samples were extracted in 50 mM
HEPES-NaOH buffer (pH 7.5) containing 5 mM MgCl,, 1 mM EDTA, 2.5 mM DTT and 0.05% (v/v) Triton
X-100, at 4°C, centrifuged at 10,000 rpm and 4°C for 10 minutes. Assay mixture for SPS contained 50 mM
HEPES-NaOH buffer (pH 7.5), 15 mM MgCl,, 25 mM fructose-6-phosphate, 25 mM glucose-6-phosphate, 25
mM UDP-glucose and enzyme extract. Mixtures were incubated for 30 min at 37°C and reaction was terminated
with the addition of 30% KOH. The reaction mixture for SS assay was similar to SPS assay but it contained 25
mM fructose instead of fructose-6-phosphate and was devoid of glucose-6-phosphate. The sucrose hydrolysed
during SS catalyzed reaction and sucrose formed during SPS catalyzed reaction were estimated according to
[39]. The enzyme activities were expressed as pmol sucrose hydrolysed or formed mg™ protein min* respec-
tively.

2.11. Statistical Analysis

The experiments were carried out in a completely randomized design (CRD) with three replicates; each replica
comprising a single petridish containing an average of 50 seeds. The data and significant differences among the
mean values were compared by descriptive statistics (+SE).

3. Results
3.1. Effect on Growth
The lengths of shoot and root of twenty one days old growing rice (cv. MTU 1010) seedlings were affected by
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NaCl treatment. In roots, there was a decrease in length by 8%, 33% and 51% under 25 mM, 50 mM and 100
mM NacCl treatment respectively over water control. In roots, there was an average decrease of about 20% in
length when seedlings were jointly treated with 50 mM and 100 mM NaCl and 2 mM silicon whereas it in-
creased to 21% on 25 mM NaCl along with silicon treatment (Figure 1)

The shoots of the samples exhibited a decrease in length by about 23%, 26% and 55% under 25 mM, 50 mM
and 100 mM NaCl treatment respectively over water control. During joint application of NaCl of above concen-
trations with 2 mM silicon, there was a decrease in shoot length on an average by about 21% which is much
lower in respect of seedlings treated with NaCl alone (Figure 2 and Figure 3).

3.2. Effect on Antioxidant Enzyme Activities

Catalase
The activity of catalase in the roots and shoots of rice seedlings treated with 25 mM, 50 mM, 100 mM NacCl de-
creased in an average by about 70% and 54%, respectively, over water control. Under joint application of NaCl
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Figure 1. Effect of sodium chloride and/or silicon on root and shoot length of
twenty-one days old rice (cv. MTU 1010) seedlings. Each data point is the mean
+ SE with 3 replicates. ®indicates statistically significant at P < 0.05 respectively
as compared to water control.

Figure 2. Effect of NaCl on relative root and shoot length of twenty-one days
old rice (cv. MTU 1010) seedlings.
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and Si, the rate of decrease in enzyme activity in an average were 34% and 40% in root and shoot samples re-
spectively (Figure 4).

3.3. Effect on Oxidative Stress Markers

3.3.1. Proline Contents

NaCl treatments considerably increased the proline contents in roots and shoots of rice seedlings. The rate of in-
crement was more pronounced in shoots than in roots. Proline contents were increased by about 67%, 118% and
153% respectively in roots and by about 360%, 426% and 556% respectively in shoots under 25 mM, 50 mM
and 100 mM NaCl treatment respectively. Under joint application of NaCl and Si, proline contents increased in
an average of about 69% and 305% over water control in roots and shoots respectively (Figure 5).

Figure 3. Effect of sodium chloride and/or silicon on root and shoot length of
twenty one days old rice (cv. MTU 1010) seedlings.
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Figure 4. Effect of sodium chloride and/or silicon on the activity of catalase in
root and shoot of twenty one days old rice (cv. MTU 1010) seedlings. Each data
point is the mean +SE with three replicates. ®indicates statistically significant at
P < 0.05 respectively as compared to water control.
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3.3.2. MDA and H;0; Content

Enhanced rate of lipid peroxidation was recorded as indicated by gradually increase in malondialdehyde (MDA)
contents in the test seedlings exposed to NaCl. The MDA contents increased in all NaCl treated seedlings
amounting to an average of about 133% in roots and 47% in shoots over water control. The elevated levels of
MDA reduced from 133% to 83% and 47% to 10% in roots and shoots respectively under joint application of
NaCl and Si (Figure 6(A)). Similarly H,0, contents in the NaCl treated test seedlings were increased to an av-
erage of about 84% in roots and 41% in shoots, compared to water control. While joint application of NaCl with
Si, reduced the level of H,0, from 84% to 65% in roots and 41% to 29% in shoots in an average when compared

to water control (Figure 6(B)).
3.4. Effect on Sucrose Synthesizing Enzyme Activity

Sucrose Phosphate Synthase
The activity of sucrose phosphate synthase (SPS) increased in both roots and shoots of the test seedlings. In
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Figure 5. Effect of sodium chloride and/or silicon on proline contents in root and shoot of twenty-one days old rice (cv.
MTU 1010) seedlings. Each data point is the mean +SE with 3 replicates. “indicates statistically significant at P < 0.05 re-
spectively as compared to water control.
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Figure 6. Effect of sodium chloride and/or silicon on MDA (A) and H,O, (B) contents in root and shoot of twenty-one days
old rice (cv. MTU 1010) seedlings. Each data point is the mean +SE with 3 replicates. %indicates statistically significant at P

< 0.05 respectively as compared to water control.
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roots, about 68%, 106% and 189% increase in enzyme activity was recorded at 25 mM, 50 mM and 100 mM
NaCl treatments respectively while in shoots, the SPS activity was increased by about 47%, 79% and 121% over
water control at the same levels of NaCl treatment (Figure 7). On the contrary, application of 2 mM silicon
along with 25 mM, 50 mM and 100 mM NaCl led to increase in enzyme activity to about 30% 65% and 145%
respectively in roots and by about 29%, 42% and 72% respectively in shoots.

3.5. Effect on Sucrose Degrading Enzyme Activities

3.5.1. Sucrose Synthase

The effect of NaCl on rice seedlings showed increased activity of sucrose synthase in both roots and shoots. In
roots, the activity was increased by 2%, 29% and 63% at 25 mM, 50 mM and 100 mM NaCl treatments respec-
tively, while in shoots about 8%, 19% and 31% increase in enzyme activity was recorded under same concentra-
tions of NaCl. Co-application of silicon along with same doses of NaCl, the sucrose synthase activity was al-
tered both in root and shoot samples. In root, the enzyme activity slightly decreased during silicon and NaCl
treatments, but increased by about 6% in 100 mM NaCl treatment. In shoot, said enzyme activity increased by
silicon and NaCl application on an average by 8% over water control (Figure 8(A)).
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Figure 7. Effect of sodium chloride and/or silicon on the activity of sucrose phosphate synthase (SPS) in root and shoot of

twenty-one days old rice (cv. MTU 1010) seedlings. Each data point is the mean =SE with 3 replicates. ®indicates statistically
significant at P < 0.05 respectively as compared to water control.
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Figure 8. Effect of sodium chloride and/or silicon on the activities of sucrose synthase (SS) (A) and acid invertase (B) in
root and shoot of twenty-one days old rice (cv. MTU 1010) seedlings. Each data point is the mean +SE with 3 replicates. %in-
dicates statistically significant at P < 0.05 respectively as compared to water control.
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3.5.2. Acid Invertase

Rice seedlings showed considerable decrease in activity of acid invertase in both roots and shoots due to NaCl
treatment. In shoots, about 29%, 43% and 53% decrease in enzyme activity was observed in 25 mM, 50 mM and
100 mM NacCl treatments respectively, while in roots the said level of decrease was about 28%, 34% and 60%
over water control (Figure 8(B)). However, joint application of silicon and NaCl altered the acid invertase ac-
tivity significantly in the test seedlings over NaCl treatment alone. In shoots, the rate of decrease in enzyme ac-
tivity was narrowed down, on an average, to about 18% over water control. While in roots, the increase in en-
zyme activity was about 44% and 17% under 25 mM and 50 mM NaCl treatment respectively but decreased by
about 37% under 100 mM NaCl treatment (Figure 8(B)).

3.6. Effect on Starch Hydrolyzing Enzymes Activity

Starch Phosphorylase Activity

The activity of starch phosphorylase in the shoots of rice seedlings was increased by NaCl treatment. When
seedlings were treated with 25 mM, 50 mM and 100 mM NacCl, there was an increase in enzyme activity by
about 47%, 76% and 106% respectively over water control. During joint application of NaCl with silicate the
rate of increase in enzyme activity was much less, by about 2% and 31% in 50 mM and 100 mM NacCl treat-
ments respectively whereas decrease in enzyme activity by 18% in 25 mM NaCl treatment over water control. In
the roots of the test seedlings treated with 25 mM, 50 mM and 100 mM NaCl there was an increase in starch
phosphorylase activity by about 107%, 171% and 433% respectively over water control. During joint applica-
tion of NaCl of above concentrations with 2 mM silicate the rate of increase in enzyme activity was much less,
by about 9%, 80% and 199% over water control (Figure 9).

3.7. Effect on Reducing Sugar Contents

The reducing sugar contents in NaCl treated rice seedlings were increased with respect to water control. On an
average, in shoots about 17% and in roots about 37% increments were recorded. Co-application of silicon with
NaCl altered the level of reducing sugar present in both root and shoot samples in respect of only NaCl treat-
ment. In roots there was an increase on an average of about 19%, in shoots of about 13% in the reducing sugar
contents when seedlings were treated with 50 mM and 100 mM NaCl along with silicon where as it decreased to
13% in 25 mM NaCl and silicon treatment (Figure 10(A)).
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Figure 9. Effect of sodium chloride and/or silicon on the activity of starch
phosphorylase in root and shoot of twenty-one days old rice (cv. MTU 1010)
seedlings. Each data point is the mean +SE with 3 replicates. “indicates sta-
tistically significant at P < 0.05 respectively as compared to water control.
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Figure 10. Effect of sodium chloride and/or silicon on reducing sugar (A) and non-reducing sugar (B) contents in root and
shoot of twenty one days old rice (cv. MTU 1010) seedlings. Each data point is the mean +SE with three replicates. ®indi-
cates statistically significant at P < 0.05 respectively as compared to water control.

3.8. Effect on Non-Reducing Sugar Contents

The roots and shoots of NaCl treated rice seedlings showed increase level of non reducing sugar contents as
compared to water control. In shoot, 25 mM NaCl treatment led to about 31% increase in non-reducing sugar
contents while 50 mM and 100 mM treatments increased the said level by about 62% and 93% respectively.
During joint application of NaCl with 2 mM silicate the increment in non-reducing sugar contents was much less
by about 24%, 51% and 77% over water control. The amount of non reducing sugar in roots was found to be in-
creased by about 91%, 108% and 191% in 25 mM, 50 mM and 100 mM NacCl treated samples respectively. By
silicon application along with NaCl, the level of promotion caused by NaCl alone was narrowed down in roots
that were about 66%, 91% and 150% in 25 mM, 50 mM and 100 mM NaCl treatment respectively (Figure
10(B)).

3.9. Effect on Starch Contents

In both shoot and root of the test seedlings the amount of starch contents was found to be decreased with higher
concentrations of NaCl treatment. In shoot, obtained from seedlings treated with 25 mM, 50 mM and 100 mM
NaCl about 13%, 33% and 38% decrease in starch contents were recorded whereas, silicon treatment along with
NaCl led to about 13% increase, in an average, in starch contents. Likewise, in roots, the starch contents was
found to be decreased by 16%, 33% and 50% at 25 mM, 50 mM and 100 mM NaCl treatment respectively. By
joint application of silicon and NaCl the amount of starch contents increased by about 17% in 25 mM NacCl
treatment but decreased by about 17% and 33% in 50 mM and 100 mM NaCl treatments respectively (Figure
11).

4. Discussion

Growth reduction is generally observed in plants exposed to salinity stress. This may be partly due to lower wa-
ter potential in the cells which, in turn, causes stomatal closure and limits CO, assimilation. In the present study,
rice seedlings showed reduction in growth of both roots and shoots when exposed to salinity. A marked reduc-
tion in growth was reported earlier in rice seedlings exposed to salinity stress [40].

Salt stress significantly increased the H,O, levels and added Si decreased the H,O, levels. This result is in
accordance with the observations made by [41]. Since, Singha and Choudhuri (1990) [42] proposed that H,0,
accumulation in leaves of cowpea and rice seedlings under salt stress resulted from the decrease in the activity
of CAT, H,0, level might have increased due to decreased activity of CAT in seedlings of rice under salt stress.

In many plants, salinity leads to lipid peroxidation implying oxidative damage of cellular membranes and
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Figure 11. Effect of sodium chloride and/or silicon on starch contents in root
and shoot of twenty-one days old rice (cv. MTU 1010) seedlings. Each data
point is the mean +SE with 3 replicates. ®indicates statistically significant at P
< 0.05 respectively as compared to water control.

their functional perturbations [43]-[45]. In our study NaCl significantly increased the MDA contents in the roots
and shoots of the rice seedlings under absence of Si, however, MDA contents was less increased by the addition
of Si in presence of NaCl. These results are in accordance with that of [46] and [41]. This study showed that li-
pid peroxidation induced by NaCl was lower in the Si-treated rice seedlings under salt stress than those under
salt stress without Si treatment, which revealed protection of lipid membranes from ROS [47], primarily by
more effective scavenging of ROS by means of Si application. Similarly, Si application decreased malondialde-
hyde and H,O, contents in spinach and tomato plants grown in sodic-B toxic soil [48].

Some reports implicate on the positive correlation of proline accumulation to drought and salt tolerance in
several species including rice [49], while other reports suggest that proline accumulation might mainly be a
consequence of salt stress rather than being involved in its alleviation. In our study salt stress caused an increase
in proline contents in both roots and shoots of rice seedlings. However, Si treatment caused a decrease in proline
levels under salt stress compared to the seedlings treated with NaCl alone. Proline is considered to be a source of
carbon and nitrogen for rapid recovery from stress and growth, a stabilizer for membranes and some macromo-
lecules and also a free radical scavenger [47]. Tuna et al., (2008) [50] also reported decrease in proline contents
in wheat cultivars grown under salinity and silicon and suggested that there is a definite decreasing effect of Si
on proline accumulation. However, proline is a plant osmoregulator under stress condition and may cause de-
crease in growth and dry matter accumulation in salt stress [51]. Accumulation of proline under stress is a de-
fensive mechanism in plants [52]. Proline protects enzymes maintain protein synthesis and plant tolerance
against stress by several mechanisms such as removal of hydroxyl radicals and osmotic adjustment [53].

The present results indicate the increase of soluble reducing sugar and non reducing sugar content by NaCl
treatment. Increased accumulation of sugars has been reported in many plant species exposed to salinity [35] [40]
[54]. Accumulation of sugars has been related with drought and salinity tolerant mechanisms in many plant spe-
cies. Hanafy Ahmed et al. (2002) [55] working on wheat mentioned that salinized plants accumulate soluble
carbohydrate, amino acids, soluble phenols and proline for osmoregulation that allows the plants to maximize
sufficient storage reserves to support basal metabolism under stressed environment [56]. Accumulation of so-
luble sugars helps to regulate osmotic stress in plant cells and leads to protection of biomolecules and mem-
branes [57]. Therefore, metabolic alterations by sugar accumulation could contribute to salt sensitivity that lim-
its growth of the rice seedlings under salt stress conditions. Hanafy Ahmed et al. (2008) [58] also demonstrated
that soluble sugar contents of wheat plants decreased by adding silicon under saline soil conditions.
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A decrease in starch contents was observed in rice plants under NaCl stress. Dubey and Singh (1999) [35]
obtained the similar kind of results and concluded that the starch contents was reduced with higher magnitude in
salt sensitive rice cultivars than salt tolerant cultivars under salinity stress. Starch is an important component of
plant tissues and accumulates in leaves as a temporary reserve form of carbon and is the principal component of
dry mass accumulated in mature leaves. Although starch may not play an important role in salt-tolerance me-
chanism, it is suggested that the ability of plants to partition sugars into starch may help to avoid metabolic alte-
rations by lowering feedback inhibition caused by excess amount of sucrose in cytoplasm [59]. Another reason
for reduction in starch concentration in plant tissue is the direct effects of decreased CO, assimilation caused by
reduction in stomatal conductance and chlorophyll contents in plant tissues under salt stress [60]. Reduction of
starch can be decomposed into smaller units that cause the accumulation of soluble sugars in plant cells [61].
Decrease in starch contents and increase in reducing and nonreducing sugar content were noted in leaves of
Bruguiera parviflora under NaCl stress [62].

Sucrose phosphate synthase (SPS) is the major enzyme which catalyses the synthesis of sucrose phosphate
during the last step of dark CO, fixation in photosynthetic and non-photosynthetic plant tissues [63] and is an
important control point in biosynthesis of sucrose [64] [65]. In spinach leaves stimulation of SPS activity was
observed under prolonged water stress [66]. The activity of SPS is also induced under low temperature and os-
motic stress [65] and salinity [35]. Sucrose contents were found to increase in tomato (Solanum lycopersicum)
under salinity due to increased activity of SPS [67]. The present study reveals the increased activity of SPS with
NaCl treatment that finds support in the increase in non-reducing sugar like sucrose as reported earlier. But sili-
con treatment along with NaCl is found to ameliorate the effect of NaCl on SPS activity along with the decrease
of sucrose contents in rice seedlings. The observed increase in sucrose contents is a specific response to salt, and
not simply a result of decreased sucrose utilization, is supported by the observation that the activity of the su-
crose synthesizing enzyme SPS is induced by salt stress [68] [69].

Starch phosphorylase is a starch degrading enzyme that catalyzes reversible phosphorylation of a-glucans
producing glucose-1-phosphate and degrades starch beginning at a non-reducing end by incorporating phosphate
[21]. The present result shows the increase in starch phosphorylase activity under increased concentrations of
NaCl treatment. This increase in starch phosphorylase activity is correlated with the decreased starch contents in
both roots and shoots of the test cultivar. Similar result was reported in rice [35]. But the activities of the en-
zyme reversed with the application of silicon along with NaCl. This causes decrease in starch phosphorylase ac-
tivity and the level of starch contents was found to be increased. Increased activity of starch phosphorylase un-
der salinity might help starch degradation and mobilisation of sugars.

Sucrose is the major carbohydrate imported by many plant sink tissues. Since sucrose is not the direct sub-
strate for most of the metabolic processes involved in growth, development and storage in most sinks, conver-
sion of sucrose to hexoses often is the primary starting point for sink metabolism [70] [71]. Huber and Akazawa
(1986) [72] presented the theory of two different pathways for sucrose degradation, one carried out by sucrose
synthase (SS) and other by invertase. Sucrose synthase is a cytosolic enzyme that catalyzes sucrose breakdown
in vivo [63]. Acid invertase is located in the vacuoles and catalyzes hydrolysis of sucrose to glucose and fructose
[73]. These enzymes play an important role in phloem loading and unloading by maintaining sucrose concentra-
tion gradient [74]. During anoxia of rice plants, there is an increase in the activities of SS [75]. Decrease in acid
invertase activity was noted in rice plants under salinity [35] [40] and in Phaseolus vulgaris, salt stress causes
inhibition of acid invertase synthesis [76]. The present results also show the increase in sucrose synthase activity
and decrease in acid invertase activity under NaCl treatment. The results also indicate that decrease in acid in-
vertase activity does not affect the reducing sugar contents which are mainly controlled by sucrose synthase ac-
tivity. But the activities of these enzymes reversed with the application of silicon along with NaCl.

5. Conclusion

Our study demonstrates that application of NaCl in growing rice seedlings induced accumulation of proline,
H202, MDA, reducing and non-reducing sugars with a concomitant increase in the activities of starch phospho-
rylase, sucrose phosphate synthase, sucrose synthase and decrease in the activities of catalase and acid invertase.
Silicon may act to alleviate NaCl induced stress in rice seedlings which is evident from the morphological and
biochemical studies. It seems that co-application of Si increased antioxidant activities and inhibited lipid perox-
idation of cell plasma membranes to maintain integrity in high level of Na* concentration in the cytoplasm.
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Therefore, the use of silicon enriched fertilizers in NaCl prone soils may help to improve the sugar metabolizing
activity leading to better growth and development of rice plants.

Acknowledgements

The authors are grateful to the University Grants Commission (UGC), New Delhi for financial assistance in
completion of the work.

References

[1] Ullah, S.M., Soja, G. and Gertzabek, M.H. (1993) lon Uptake, Osmoregulation and Plant Water Relations in Faba
Bean (Vicia faba L). under Salt Stress. Die Bodenkultur, 44, 291-301.

[2] Cuartero, J., Bolarin, M.C., Asins, M.J. and Moreno, V. (2006) Increasing Salt Tolerance in the Tomato. Journal of
Experimental Botany, 57, 1045-1058. http://dx.doi.org/10.1093/jxb/erj102

[31 Murphy, K.S.T. and Durako, M.J. (2003) Physiological Effects of Short-Term Salinity Changes on Ruppia maritima.
Aquatic Botany, 75, 293-309. http://dx.doi.org/10.1016/S0304-3770(02)00206-1

[4] Pitman, M.G. and Lauchli, A. (2002) Global Impact of Salinity and Agricultural Ecosystems. In: Lauchli, A. and
Luttge, V., Eds., Salinity: Environment-Plants Molecules, Kluwer, Dordrecht, 3-20.

[5] Marshak, S. (2005) Earth: Portrait of a Planet. 2nd Edition, W.W. Norton and Company, New York.

[6] Epstein, E. and Bloom, A.J. (2005) Mineral Nutrition of Plants: Principles and Perspectives. 2nd Edition, Sinauer As-

(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

sociates, Sunderland.

Epstein, E. (1999) Silicon. Annual Review of Plant Physiology and Plant Molecular Biology, 50, 641-664.
http://dx.doi.org/10.1146/annurev.arplant.50.1.641

Zhu, Z., Wei, G., Li, J,, Qian, Q. and Yu, J. (2004a) Silicon Alleviates Salt Stress and Increases Antioxidant Enzymes
Activity in Leaves of Salt-Stressed Cucumber (Cucumis sativus L.). Plant Science, 167, 527-533.
http://dx.doi.org/10.1016/j.plantsci.2004.04.020

Zhu, Z., Al-aghabary, K. and Shi, Q. (2004) Influence of Silicon Supply on Chlorophyll Content, Chlorophyll Fluores-
cence, and Antioxidative Enzyme Activities in Tomato Plants under Salt Stress. Journal of Plant Nutrition, 27, 2101-
2115.

Soylemezoglu, G., Demir, K., Inal, A. and Gunes, A. (2009) Effect of Silicon on Antioxidant and Stomatal Response
of Two Grapevine (Vitis vinifera L.) Rootstocks Grown in Boron Toxic, Saline and Boron Toxic-Saline Soil. Scientia
Horticulturae, 123, 240-246. http://dx.doi.org/10.1016/j.scienta.2009.09.005

Ashraf, M., Rahmatullah Afzal, M., Ahmed, R., Mujeeb, F., Sarwar, A. and Ali, L. (2010) Alleviation of Detrimental
Effects of NaCl by Silicon Nutrition in Salt-Sensitive and Salt-Tolerant Genotypes of Sugarcane (Saccharum officina-
rum L.). Plant and Soil, 326, 381-391. http://dx.doi.org/10.1007/s11104-009-0019-9

Ma, J.F. (2004) Role of Silicon in Enhancing the Resistance of Plants to Biotic and Abiotic Stresses. Soil Science and
Plant Nutrition, 50, 11-18. http://dx.doi.org/10.1080/00380768.2004.10408447

Bagheri, A. and Sadeghipour, O. (2009) Effects of Salt Stress on Yield, Yield Components and Carbohydrates Content
in Four Hullless Barley (Hordeum vulgare L.) Cultivars. Journal of Biological Sciences, 9, 909-912.
http://dx.doi.org/10.3923/jbs.2009.909.912

Naureen, G. and Naqgvi, F.N. (2010) Salt Tolerance Classification in Wheat Genotypes Using Reducing Sugar Accu-
mulation and Growth Characteristic. Emirates Journal of Food and Agriculture, 22, 308-317.
http://dx.doi.org/10.9755/ejfa.v22i4.4878

Khelil, A., Menu, T. and Ricard, B. (2007) Adaptive Response to Salt Involving Carbohydrate Metabolism in Leaves
of a Salt-Sensitive Tomato Cultivar. Plant Physiology and Biochemistry, 45, 551-559.
http://dx.doi.org/10.1016/j.plaphy.2007.05.003

Chaturvedi, G.S., Ram, P.C., Singh, A.K., Ram, P., Ingram, K.T., Singh, B.B., Singh, R.K. and Singh, V.P. (1996)
Carbohydrate Status of Rainfed Lowland Rice in Relation to Submergence, Drought and Saline Shade Tolerance. In-
ternational Rice Research Institute, Manila, 108.

Dkhil, B.B. and Denden, M. (2010) Salt Stress Induced Changes in Germination, Sugars, Starch and Enzyme of Car-
bohydrate Metabolism in Abelmoschus esculentus (L.) Moench Seeds. African Journal of Agricultural Research, 5,
408-415.

Zhou, R., Silcher, R.C. and Quebedeaux, B. (2002) Apple Leaf Sucrose Phosphate Synthase Is Inhibited by Sorbitol-6-
Phosphate. Functional Plant Biology, 29, 569-574. http://dx.doi.org/10.1071/PP01123



http://dx.doi.org/10.1093/jxb/erj102
http://dx.doi.org/10.1016/S0304-3770(02)00206-1
http://dx.doi.org/10.1146/annurev.arplant.50.1.641
http://dx.doi.org/10.1016/j.plantsci.2004.04.020
http://dx.doi.org/10.1016/j.scienta.2009.09.005
http://dx.doi.org/10.1007/s11104-009-0019-9
http://dx.doi.org/10.1080/00380768.2004.10408447
http://dx.doi.org/10.3923/jbs.2009.909.912
http://dx.doi.org/10.9755/ejfa.v22i4.4878
http://dx.doi.org/10.1016/j.plaphy.2007.05.003
http://dx.doi.org/10.1071/PP01123

P.Dasetal.

[19]

[20]

[21]
[22]

[23]
[24]

[25]

[26]

[27]
[28]

[29]

[30]
[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Elavumoottil, O.C., Martin, J.P. and Moreno, M.L. (2003) Changes in Sugars, Sucrose Synthase Activity and Proteins
in Salinity Tolerant Callus and Cell Suspension Cultures of Brassica oleracea L. Biologia Plantarum, 46, 7-12.
http://dx.doi.org/10.1023/A:1022389428782

Kaur, S., Gupta, A.K. and Kaur, N. (2003) Effect of Kinetin on Starch and Sucrose Metabolising Enzymes in Salt
Stressed Chickpea Seedlings. Biologia Plantarum, 46, 67-72. http://dx.doi.org/10.1023/A:1022310100557

Salisbury, F.B. and Ross, C.W. (1991) Plant Physiology. 4th Edition, CBS Publishers and Distributors, New Delhi.

Khush, G.S. (1997) Origin, Dispersal, Cultivation and Variation of Rice. Plant Molecular Biology, 35, 25-34.
http://dx.doi.org/10.1023/A:1005810616885

Mori, I1.K. and Kinoshita, T. (1987) Salt Tolerance of Rice Callus Clones. Rice Genetics Newsletter, 4, 112-113.

Gregorio, G.B. (1997) Tagging Salinity Tolerant Genes in Rice Using Amplified Fragment Length Polymorphism
(AFLP). PhD Dissertation, University of the Philippines Los Bafios College, Laguna, 118 p.

Munns, R. and Tester, M. (2008) Mechanisms of Salinity Tolerance. Annual Review of Plant Biology, 59, 651-681.
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092911

Hodges, D.M., DeLong, J.M., Forney, C.F. and Prange, R.K. (1999) Improving the Thiobarbituric acid-Reactive-Sub-

stances Assay as for Estimating Lipid Peroxidation in Plant Tissues Containing Anthocyanin and Other Interfering
Compounds. Planta, 207, 604-611. http://dx.doi.org/10.1007/s004250050524

Bates, L.S., Waldren, R.P. and Treare, 1.D. (1973) Rapid Estimation of Free Proline for Water Stress Determination.
Plant and Soil, 39, 205-207. http://dx.doi.org/10.1007/BF00018060

Vellikova, V., Yordanov, I. and Edreva, A. (2000) Oxidative Stress and Some Antioxidant Systems in Acid Rain-
Treated Bean Plants. Plant Science, 151, 59-66. http://dx.doi.org/10.1016/S0168-9452(99)00197-1

Gasper, T. and Laccoppe, J. (1968) The Effect of CCC and AMO-1618 on Growth, Catalase, Peroxidase, IAA Oxidase
Activity of Young Barley Seedlings. Physiologia Plantarum, 21, 1104-1109.
http://dx.doi.org/10.1111/j.1399-3054.1968.tb07338.x

Miller, G.L. (1972) Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugars. Analytical Chemistry,
31, 426-428. http://dx.doi.org/10.1021/ac60147a030

McCready, R.M., Guggolz, J., Silviera, V. and Owens, H.S. (1950) Determination of Starch and Amylase in Vegeta-
bles. Analytical Chemistry, 22, 1156-1158. http://dx.doi.org/10.1021/ac60045a016

Borkowska, B. and Szczerba, J. (1991) Influence of Different Carbon Sources on Invertase Activity and Growth of
Sourcherry (Prunus cerasus L.) Shoot cultures. Journal of Experimental. Botany, 42, 911-915.
http://dx.doi.org/10.1093/jxb/42.7.911

Nelson, N. (1944) A Photometric Adaptation of the Somogyi Method for the Determination of Glucose. The Journal of
Biological Chemistry, 153, 375-380.

Somogyi, M. (1945) A New Reagent for the Determination of Sugar. The Journal of Biological Chemistry, 160, 61-68.

Dubey, R.S. and Singh, A.K. (1999) Salinity Induces Accumulation of Soluble Sugars and Alters the Activity of Sugar
Metabolising Enzymes in Rice Plants. Biologia Plantarum, 42, 233-239. http://dx.doi.org/10.1023/A:1002160618700

Fiske, C.H. and Subbarow, Y. (1925) The Colorimetric Determination of Phosphorus. The Journal of Biological Che-
mistry, 66, 375-400.

Hubbard, N.L., Huber, S.C. and Pharr, D.M. (1989) Sucrose Phosphate Synthase and Acid Invertase as Determinant of
Sucrose Concentration in Developing Muskmelon (Cucumis melo L.) Fruits. Plant Physiology, 91, 1527-1534.
http://dx.doi.org/10.1104/pp.91.4.1527

Miron, D. and Schaffer, A.A. (1991) Sucrose Phosphate Synthase, Sucrose Synthase and Invertase Activities in De-
veloping Fruit of Lycopersicon esculentum mill. and the Sucrose Accumulating Lycopersicon hirsutum humb. and
Bompl. Plant Physiology, 95, 623-627. http://dx.doi.org/10.1104/pp.95.2.623

Vassey, T.L., Quick, W.P., Sharkley, T.D. and Stitt, M. (1991) Water Stress, CO, and Light Effects on Sucrose Phos-
phate Synthase Activity in Phaseolus vulgaris. Physiologia Plantarum, 81, 37-44.
http://dx.doi.org/10.1111/j.1399-3054.1991.tb01709.x

Pattanagul, W. and Thitisaksakul, M. (2008) Effects of Salinity Stress on Growth and Carbohydrate Metabolism in

Three Rice (Oryza sativa L.) Cultivars Differing in Salinity Tolerance. Indian Journal of Experimental Biology, 46,
736-742.

Al-aghabary, K., Zhujun, Z and Qinhua, S. (2004) Influence of Silicon Supply on Chlorophyll Content, Chlorophyll
Fluorescence, and Antioxidative Enzyme Activities in Tomato Plants under Salt Stress. Journal of Plant Nutrition, 27,
2101-2115. http://dx.doi.org/10.1081/PLN-200034641

Singha, S. and Choudhuri, M.A. (1990) Effect of Salinity (NaCl) Stress on H,O, Metabolism in Vigna and Oryza



http://dx.doi.org/10.1023/A:1022389428782
http://dx.doi.org/10.1023/A:1022310100557
http://dx.doi.org/10.1023/A:1005810616885
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092911
http://dx.doi.org/10.1007/s004250050524
http://dx.doi.org/10.1007/BF00018060
http://dx.doi.org/10.1016/S0168-9452(99)00197-1
http://dx.doi.org/10.1111/j.1399-3054.1968.tb07338.x
http://dx.doi.org/10.1021/ac60147a030
http://dx.doi.org/10.1021/ac60045a016
http://dx.doi.org/10.1093/jxb/42.7.911
http://dx.doi.org/10.1023/A:1002160618700
http://dx.doi.org/10.1104/pp.91.4.1527
http://dx.doi.org/10.1104/pp.95.2.623
http://dx.doi.org/10.1111/j.1399-3054.1991.tb01709.x
http://dx.doi.org/10.1081/PLN-200034641

P.Dasetal.

[43]
[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]
[53]
[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

Seedlings. Biochemie und Physiologie der Pflanzen, 186, 69-74. http://dx.doi.org/10.1016/S0015-3796(11)80295-7

Mittler, R. (2002) Oxidative Stress, Antioxidants and Stress Tolerance. Trends in Plant Science, 7, 405-410.
http://dx.doi.org/10.1016/S1360-1385(02)02312-9

Imlay, J. (2003) Pathways of Oxidative Damage. Annual Review of Microbiology, 57, 395-418.
http://dx.doi.org/10.1146/annurev.micro.57.030502.090938

Vaidyanathan, H., Sivakumar, P., Chakrabarty, R. and Thomas, G. (2003) Scavenging of Reactive Oxygen Species in
NaCl-Stressed Rice (Oryza sativa L.)-Differential Response in Salt-Tolerant and Sensitive Varieties. Plant Science,
165, 1411-1418. http://dx.doi.org/10.1016/j.plantsci.2003.08.005

Liang, Y.C. (1999) Effects of Silicon on Enzyme Activity and Sodium, Potassium and Calcium Concentration in Bar-
ley under Salt Stress. Plant and Soil, 29, 217-24. http://dx.doi.org/10.1023/A:1004526604913

Jain, M., Mathur, G., Koul, S. and Sarin, N.B. (2001) Ameliorative Effects of Proline on Salt Stressinduced Lipid Pe-
roxidation in Cell Lines of Groundnut (Arachis hypogea L.). Plant Cell Reports, 20, 463-468.
http://dx.doi.org/10.1007/s002990100353

Gunes, A., Inal, A, Bagci, E.G. and Pilbeam, D.J. (2007) Silicon-Mediated Changes of Some Physiological and En-
zymatic Parameters Symptomatic for Oxidative Stress in Spinach and Tomato Grown in Sodic-B Toxic Soil. Plant and
Soil, 290, 103-114. http://dx.doi.org/10.1007/s11104-006-9137-9

Ahmad, M.S.A., Javed, F., Ashraf, M. (2007) Iso-Osmotic Effect of NaCl and PEG on Growth, Cations and Free Pro-
line Accumulation in Callus Tissue of Two Indica Rice (Oryza sativa L.) Genotypes. Plant Growth Regulation, 53,
53-63. http://dx.doi.org/10.1007/s10725-007-9204-0

Tuna, A.L., Kaya, C., Higgs, D., Murillo-Amador, B., Aydemir, S. and Girgin, A.R. (2008) Silicon Improves Salinity
Tolerance in Wheat Plants. Environmental and Experimental Botany, 62, 10-16.
http://dx.doi.org/10.1016/j.envexpbot.2007.06.006

Yoshiba, Y., Kyiosue, T., Nakashima, K., YamaguchiShinozaki, K. and Shinozaki, K. (1997) Regulation of Levels of
Proline as an Osmolyte in Plants under Water Stress. Plant and Cell Physiology, 38, 1095-1102.
http://dx.doi.org/10.1093/oxfordjournals.pcp.a029093

Koocheki, E.Z., Bannayan, M., Rezvani Moghaddam, P., Mahdavi Damghani, A., Jami Al-Ahmadi, M. and Vesal, S.R.
(2004) Plant Physiological Ecology. Ferdowsi University of Mashhad Press, Mashhad.

Mattioli, R., Costantino, P. and Trovato, M. (2009) Proline Accumulation in Plants. Plant Signaling and Behaviour, 4,
1016-1018. http://dx.doi.org/10.4161/psh.4.11.9797

Flowers, T.J. (2004) Improving Crop Salt Tolerance. Journal of Experimental Botany, 55, 307-319.
http://dx.doi.org/10.1093/jxb/erh003

Hanafy Ahmed, A.H., Higazy, M.A., El-Shafey, Y.H. and Moussa, S.F. (2002) Effect of Salinity, Silicon and Proline
on the Growth, Yield and Chemical Composition of Wheat Plant. Proceedings of the 2nd Congress Recent Technology
Agriculture, Cairo University, 28-30 October 2002, 965-978.

Hurry, V.M., Strand, A., Tobiaeson, M., Gardarstorm, P. and Oquist, G. (1995) Cold Hardening of Spring and Winter
Wheat and Rape Results in Differential Effect of Growth Carbon Metabolism and Carbohydrate Content. Plant Physi-
ology, 109, 697-706.

Irannejad, H. and Shahbazian, N. (2004) Field Crops Tolerance to Stress. University of Tehran Press, Tehran.

Hanafy Ahmed, A.H., Harb, E.M., Higazy, M.A. and Morgan, Sh.H. (2008) Effect of Silicon and Boron Foliar Appli-
cations on Wheat Plants Grown under Saline Soil Conditions. International Journal of Agricultural Research, 3, 1-26.
http://dx.doi.org/10.3923/ijar.2008.1.26

Krapp, A. and Stitt, M. (1995) An Evaluation of Direct and Indirect Mechanisms for the “Sink-Regulation” of Photo-
synthesis in Spinach: Changes in Gas Exchange, Carbohydrates, Metabolites, Enzyme Activities and Steady-State
Transcript Levels after Cold-Girdling Source Leaves. Planta, 195, 313-323. http://dx.doi.org/10.1007/BF00202587

Moradi, F. and Ismail, A.M. (2007) Responses of Photosynthesis, Chlorophyll Fluorescence and ROS-Scavenging
Systems to Salt Stress during Seedling and Reproductive Stages in Rice. Annals of Botany, 99, 1161-1173.
http://dx.doi.org/10.1093/aob/mcm052

Ashraf, M. and Harris, P.J.C. (2004) Potential Biochemical Indicators of Salinity Tolerance in Plants. Plant Science,
166, 3-16. http://dx.doi.org/10.1016/j.plantsci.2003.10.024

Parida, A.K., Das, A.B. and Mohanty, P. (2004) Investigations on the Antioxidative Defence Responses to NaCl Stress
in a Mangrove, Bruguiera parviflora: Differential Regulations of Isoforms of Some Antioxidative Enzymes. Plant
Growth Regulation, 42, 213-226. http://dx.doi.org/10.1023/B:GROW.0000026508.63288.39

Geigenberger, P. and Stitt, M. (1993) Sucrose Synthase Catalyses a Readily Reversible Reaction in Vivo in Developing
Potato Tubers and Other Plant Tissues. Planta, 189, 329-339. http://dx.doi.org/10.1007/BF00194429



http://dx.doi.org/10.1016/S0015-3796(11)80295-7
http://dx.doi.org/10.1016/S1360-1385(02)02312-9
http://dx.doi.org/10.1146/annurev.micro.57.030502.090938
http://dx.doi.org/10.1016/j.plantsci.2003.08.005
http://dx.doi.org/10.1023/A:1004526604913
http://dx.doi.org/10.1007/s002990100353
http://dx.doi.org/10.1007/s11104-006-9137-9
http://dx.doi.org/10.1007/s10725-007-9204-0
http://dx.doi.org/10.1016/j.envexpbot.2007.06.006
http://dx.doi.org/10.1093/oxfordjournals.pcp.a029093
http://dx.doi.org/10.4161/psb.4.11.9797
http://dx.doi.org/10.1093/jxb/erh003
http://dx.doi.org/10.3923/ijar.2008.1.26
http://dx.doi.org/10.1007/BF00202587
http://dx.doi.org/10.1093/aob/mcm052
http://dx.doi.org/10.1016/j.plantsci.2003.10.024
http://dx.doi.org/10.1023/B:GROW.0000026508.63288.39
http://dx.doi.org/10.1007/BF00194429

P.Dasetal

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Stitt, M., Huber, S. and Kerr, P. (1987) Control of Photosynthetic Sucrose Formation. In: Stumpf, P.K. and Conn, E.E.
Eds., The Biochemistry of Plants: A Comprehensive Treatise, Academic Press, New York, pp. 327-409.
http://dx.doi.org/10.1016/b978-0-12-675410-0.50012-9

Krause, K.P., Hill, L., Reimholz, R., Hamborg Nielsen, T., Sonnewald, U. and Stitt, M. (1998) Sucrose Metabolism in
Cold-Stored Potato Tubers with Decreased Expression of Sucrose Phosphate Synthase. Plant, Cell and Environment,
21, 285-299. http://dx.doi.org/10.1046/j.1365-3040.1998.00271.x

Quick, W.P., Siegl, G., Neuhaus, H.E., Feil, R. and Stitt, M. (1989) Short-Term Water Stress Leads to a Stimulation of
Sucrose Synthesis by Activating Sucrose Phosphate Synthase. Planta, 177, 535-546.
http://dx.doi.org/10.1007/BF00392622

Gao, Z., Sagi, M. and Lips, S.H. (1998) Carbohydrate Metabolism in Leaves and Assimilate Partitioning in Fruits of
Tomato (Lycopersicon esculentum L.) as Affected by Salinity. Plant Science, 135, 149-159.
http://dx.doi.org/10.1016/s0168-9452(98)00085-5

Huber, S.C. and Huber, J.L. (1996) Role and Regulation of Sucrose Phosphate Synthase in Higher Plants. Annual Re-
view of Plant Physiology and Plant Molecular Biology, 47, 431-444.
http://dx.doi.org/10.1146/annurev.arplant.47.1.431

Yang, J., Zhang, J., Wang, Z. and Zhu, Q. (2001) Activities of Starch Hydrolytic Enzymes and Sucrose-Phosphate
Synthase in the Stems of Rice Subjected to Water Stress during Grain Filling. Journal of Experimental Botany, 52,
2169-2179.

Sung S.S., Loboda, T. and Black, C.C. (1990) Sucrose, Pyrophosphate, and Plastid Metabolism in Relation to Cellular
Communication. In: Zelitch, 1., Ed., Perspective in Biochemical and Genetic Regulation of Photosynthesis, Wiley-Liss,
New York, 55-68.

Xu D.P., Sung, S.J.S., Loboda, T., Kormanik, P.P. and Black, C.C. (1989) Characterization of Sucrolysis via the Uri-
dine Diphosphate and Pyrophos-Phate Dependent Sucrose Synthase Pathway. Plant Physiology, 90, 635-642.
http://dx.doi.org/10.1104/pp.90.2.635

Huber, S.C. and Akazawa, T. (1986) A Novel Sucrose Synthase Pathway for Sucrose Degradation in Cultured Syca-
more Cells. Plant Physiology, 81, 1008-1013. http://dx.doi.org/10.1104/pp.81.4.1008

Van den Ende, W., Michiels, A., Le Roy, K. and Van Laere, A. (2002) Cloning of a Vacular Invertase from Belgian
Endive Leaves (Cichorium intybus). Physiologia Plantarum, 115, 504-512.
http://dx.doi.org/10.1034/j.1399-3054.2002.1150404.x

Lohaus, G., Winter, H., Riens, B. and Heldt, H.W. (1995) Further Studies of the Phloem Loading Process in Leaves of
Barley and Spinach. The Comparison of Metabolite Concentrations in the Apoplastic Compartment with Those in the
Cytosolic Compartment and in the Sieve Tubes. Botanica Acta, 108, 270-275.
http://dx.doi.org/10.1111/j.1438-8677.1995.tb00860.x

Livingston, D.P. and Henson, C.A. (1998) Apoplastic Sugars, Fructans, Fructans Exohydrolase and Invertase in Winter
Oat: Responses to Second Phase Cold Hardening. Plant Physiology, 116, 403-408.
http://dx.doi.org/10.1104/pp.116.1.403

Hawker, J.S. (1980) Invertases from Leaves of Phaseolus vulgaris Plant Grown on Nutrient Solutions Containing NaCl.
Australian Journal of Plant Physiology, 7, 67-72. http://dx.doi.org/10.1071/PP9800067



http://dx.doi.org/10.1016/b978-0-12-675410-0.50012-9
http://dx.doi.org/10.1046/j.1365-3040.1998.00271.x
http://dx.doi.org/10.1007/BF00392622
http://dx.doi.org/10.1016/s0168-9452(98)00085-5
http://dx.doi.org/10.1146/annurev.arplant.47.1.431
http://dx.doi.org/10.1104/pp.90.2.635
http://dx.doi.org/10.1104/pp.81.4.1008
http://dx.doi.org/10.1034/j.1399-3054.2002.1150404.x
http://dx.doi.org/10.1111/j.1438-8677.1995.tb00860.x
http://dx.doi.org/10.1104/pp.116.1.403
http://dx.doi.org/10.1071/PP9800067

	Regulation of Growth, Antioxidants and Sugar Metabolism in Rice (Oryza sativa L.) Seedlings by NaCl and Its Reversal by Silicon
	Abstract
	Keywords
	1. Introduction
	2. Plant Materials and NaCl Treatments
	2.1. Morphological Studies
	2.2. Malondialdehyde Contents (Lipid Peroxidation) 
	2.3. Proline Contents
	2.4. H2O2 Contents 
	2.5. Assay of Catalase Activity
	2.6. Estimation of Reducing and Non-Reducing Sugar
	2.7. Starch Contents
	2.8. Assay of Acid Invertase Activity
	2.9. Assay of Starch Phosphorylase Activity
	2.10. Assay of Sucrose Synthase and Sucrose Phosphate Synthase Activity
	2.11. Statistical Analysis

	3. Results
	3.1. Effect on Growth
	3.2. Effect on Antioxidant Enzyme Activities
	Catalase 

	3.3. Effect on Oxidative Stress Markers
	3.3.1. Proline Contents
	3.3.2. MDA and H2O2 Content

	3.4. Effect on Sucrose Synthesizing Enzyme Activity
	Sucrose Phosphate Synthase 

	3.5. Effect on Sucrose Degrading Enzyme Activities
	3.5.1. Sucrose Synthase 
	3.5.2. Acid Invertase

	3.6. Effect on Starch Hydrolyzing Enzymes Activity
	Starch Phosphorylase Activity

	3.7. Effect on Reducing Sugar Contents
	3.8. Effect on Non-Reducing Sugar Contents
	3.9. Effect on Starch Contents

	4. Discussion
	5. Conclusion
	Acknowledgements
	References

